Abstract It has been suggested that waste heats or naturally available heat sources can be utilized to produce swirling flow by a design similar to that of split channels which is currently used to initiate fire whirls in laboratories. The new design combines the conventional Savonius wind turbine and split channel mechanisms. Previous computational and preliminary experimental works indicate a performance improvement in the new design (named as swirling Savonius turbine) compared to the conventional Savonius design. In this study, wind tunnel experiments have been carried out to optimize the swirling Savonius turbine geometry in terms of maximum power coefficient by considering several design parameters. The results indicate that the blade overlap ratio, hot air inlet diameter and the condition of the top end plate have significant influence on power and torque coefficients, while a larger aspect ratio and closed top end plate have some favourable effects on the performance. The optimum configuration has been tested in four different wind velocities to determine its influence on the performance, and power coefficients were found to be higher in high wind velocities. The performance comparison of optimum configuration with conventional Savonius rotor showed an increase of 24.12% in the coefficient of power. 
Introduction
Being an energy source of low impact on the environment, low effects on health, and negligible safety issues, the demand for wind power has been increasing exponentially in recent years [1] . Moreover, wind energy is abundantly available in the Earth's atmosphere, can be locally converted, and can thus help in reducing our reliance on fossil fuels. Until now, Horizontal Axis Wind Turbines (HAWTs) have played a primary role in response to this demand. The HAWTs can provide large power outputs, but it needs greater wind velocities and often generates low-frequency noise that can be harmful. In contrast, Vertical Axis Wind Turbines (VAWTs) are free from these environmental problems, resulting in the recent expansion of their use in urban environments. Savonius turbine is known as the most quiet wind power source among the wind turbines because the blades run at a speed of the same order as the wind velocity e.g. tip speed ratio c % 1 [2] . Therefore, it can be employed to generate on-site electricity in city environments. The turbine also easily starts to rotate at low wind speeds because the differential drag on the two blades produces the torque. This allows the turbine to rotate not only at the top of high-rise buildings but also at street level in a city. As there are no severe restrictions on blade material, the manufacturing process is easy to realize on-site using on-site materials [3] .
On the downside, Savonius turbines are widely considered as drag-driven devices [4] . The power extraction efficiency (power coefficient, C p ) from the wind is typically less than half of the efficiency of HAWTs and there are a number of geometrical parameters that affect this efficiency. Among the geometrical parameters of conventional Savonius rotors, the optimum overlap ratio value has been found as 0.15 by Fujisawa [5] in an experimental study, and Akwa et al. [6] in a numerical investigation. Open jet wind tunnel experiments at this value of overlap ratio and an aspect ratio of 1.0 have been reported to have a maximum power coefficient of 17.3% by Fujisawa and Gotoh [7] and 17% by Kamoji et al. [8] . This value corresponds to only one-third of maximum ideal power coefficient of 59.3% (Betz's limit). However, it has been observed that, at low angles of attack, the lift force also contributes to the overall torque generation [6, 9, 10] . Thus, it can be concluded that the Savonius rotor is a combination of a drag-driven and a lift-driven machine. Therefore, it can go beyond the limit of power coefficient of purely drag-driven devices which is 8% [11] .
Continual efforts are being made to improve the coefficient of power either by examining the effects of various design parameters, by incorporating additional features, or by modifying the shape of conventional Savonius rotors. The number of rotor blades has significant effect on Savonius rotor performance [12] . Wind tunnel experiments show that the three blade rotor is inferior to the two blade rotor, while the performance of two stage rotor is superior to the single stage rotor [13, 14] . Kamoji et al. [15] in an experimental study concluded that, double-step and three-step rotors are slightly superior to the corresponding single-step rotor in self-starting, but lower for both torque and power characteristics. Further investigation on the single stage and three stage rotors in an open jet wind tunnel by Hayashi et al. [16] concluded that the static and dynamic torque variations in one revolution of three stage rotor are positive and smoother in comparison with the single stage Savonius rotor but that the aerodynamic coefficients of three stage rotors were much smaller than single stage rotors.
An Investigation on modified Savonius rotors was reported by Modi and Fernando [10] to have a maximum power coefficient of around 32% based on closed jet wind tunnel testing. Menet [17] proposed a modification of Savonius rotor using three geometrical parameters which has maximum values of static torque much higher than conventional rotor. Kamoji et al. [18] examined the influence of the end plates and the central shaft on a single stage modified Savonius rotor and found that the power coefficient rose up to 21% with the best combination. Mahmoud et al. [19] confirmed higher coefficient of power when end plates were used. Experiments on twisted Savonius rotor showed better performance than conventional semicircular rotor, but sensitive to Reynolds number [1, 13] . Saha and Rajkumar [20] confirmed that the twisted blades in the vertical direction provide a better performance (13.99%) than conventional cylindrical blades (11.04%) at low air speeds. Reupke and Probert [21] performed dynamic-torque tests for Savonius wind rotor with hinged blades to improve the performance of the rotor. Roy and Saha [22] conducted wind tunnel experiments on a newly built two-bladed turbine and compared its performance with semi-circular, semielliptic, Benesh and Bach type bladed turbines that demonstrate a gain of 34.8% in maximum power coefficient compared to the conventional bladed Savonius turbine.
Another area of improvement presented by Ushiyama et al. [23] is the introduction of wind collection equipment to the space around Savonius wind turbines. Surrounding the turbine with a guide box succeeded in raising the power coefficient by up to 123% for two-blade and 150% for three-blade models relative to the original models reported by Irabu and Roy [24] . Mohamed et al. [25] placed an obstacle plate in front of the returning side of the rotor for better flow orientation towards the advancing blade. They observed that their optimized design increases the power coefficient by more than 27%, better starting capability, and higher torque coefficient. Furthermore, Ogawa et al. [26] investigated the use of a deflecting plate and found that the rotor power was approximately 30% greater than that of a rotor without the deflecting plate. In a similar manner, further significant success was reported by Altan et al. [27] using mobile types of solid curtains that recorded 38% for the maximum power coefficient. These large improvements are considered to be due to the drag reduction on the returning blade that migrates upstream against the main flow. Recently, Al-Faruk et al. [28] proposed an innovative low cost technique of performance improvement of Savonius turbines using hot air sourced from either industrial waste heat or natural heat sources. They numerically investigated the possibility of combining the fire-whirl mechanism with the primary Savonius wind turbine mechanism by modifying the blade geometry in a new design (naming the new configuration as swirling Savonius). They reported that swirling flows were formed in the vortex chamber, and the comparison between the conventional and swirling Savonius revealed increase in angular speed and power coefficient of the swirling Savonius turbine. Later, Al-Faruk and Sharifian [29] confirmed performance improvement of the swirling Savonius turbine by a preliminary experimental investigation using industrial pedestal fan. However, due to the high uncertainty of the experiment, mainly caused by the non-uniformity (±8%) of the freestream wind from the fan, the results were considered to be unreliable and inconclusive.
In the present study, experimental investigations were carried out on the proposed configuration of the swirling Savonius rotor to obtain a geometrically optimal rotor using an open jet wind tunnel with minimal uncertainty. Several design parameters such as blade overlap ratio, blade arc angle, diameter of hot air inlet, rotor aspect ratio, and condition of the top end plate of the swirling chamber were considered to determine their effects on the aerodynamics performances in terms of coefficient of power and coefficient of torque. The existing arrangement of experimental set-up allowed the performance assessment of the swirling Savonius rotor as well as conventional Savonius rotor in different wind velocities.
Experimental set-up
The experimental set-up consisted of a structural test bench housing the swirling Savonius rotor and hot air generation chamber, wind tunnel, and measurement devices. The swirling Savonius turbine is similar to the classic Savonius turbine that consists of two identical blades of semi-cylinder like surfaces which are moved sideways and overlap, as shown in Fig. 1 . The modification made in the swirling Savonius turbine is that, the inner tips of the half cylindrical blades extended further to construct a swirling chamber [28, 29] . This makes larger blade arc angle of the swirling Savonius rotor than the conventional Savonius rotor. The extended angle (h) of the blades, as shown in Fig. 1 , lowers the air entrainment gap of the vortex chamber. A circular hole of diameter d made in the bottom end plate acts as the hot air inlet of the swirling chamber. The blade overlap ratio (b) of the swirling Savonius turbine can be defined as the ratio of blade overlap distance (e) and the inside diameter (ID) of the blade. The diameter of the rotor can be calculated using the inside and outside diameters of the blade pipe and the blade overlap ratio from D ¼ OD þ IDð1 À bÞ formula. As the end plate diameter is usually made 10% larger than the rotor diameter for the conventional Savonius turbine with optimum performance [30] , the same ratio was applied to the new rotor.
The wind tunnel used in the experiments was an open-jet type driven by two contra rotating fans. Air exited from a circular outlet of 50 cm diameter. The wind velocity could be changed by blocking the passage in the suction side, or with the use of an adjustable damper in the wind tunnel. The test bench was placed at 3.06 m distance downstream of the wind tunnel exit such that the centre of the rotor was in line with the centre of the wind tunnel in order to obtain uniform flow (see Fig. 2 ). The rotor and several measuring devices were placed on top of the bench and the heating chamber was placed underneath the table (see Fig. 3 ).
Light weight and transparent Acrylic tube of 180 mm outside diameter and wall thickness of 3 mm was chosen as the blade material. The bottom end plate was made from 3 mm thick Aluminium sheet, and 3 mm Acrylic sheet was used as the top end plate to provide a clear view of the rotor. Circular holes of 24 mm and 100 mm diameter were cut at the centre of the bottom and top end plates, respectively, as shown in Fig. 1 . The bottom hole acted as the hot air inlet of the chamber and the top hole provided an opening to the vortex chamber. Blade shape grooves were etched on the end plates to ensure a robust assembly. As a result, four pairs of end plates for four different blade overlap ratios were used. After inserting the ends of the blades into the grooves of the end plates, strong adhesive was used to complete the fabrication of the rotor. The blade overlap ratios, blade overlap distances, and rotor diameters used in this study are listed in Table 1 .
The bottom end plate of the turbine was coupled with the end flange of an Aluminium hollow shaft and placed into a fixed ball bearing on the test bench. A 50 mm diameter stainless steel pipe was used as a chimney that carried the warm air from the hot air chamber and into the swirling chamber. The heating zone at the bottom of the test table was fabricated using 0.9 mm Stainless Steel sheet. Two cooking hot plates were used for heating the air. Only hot surfaces of the heating plates sat inside the enclosure due to safety concerns. To minimize heat loss to the environment from the hot air enclosure and the chimney, room insulation batts were used to cover outer surfaces. A 250 mm Â 200 mm opening with sliding cover was made in the side wall to allow and control the entry of fresh air into the chamber.
A K-type thermocouple was inserted through a hole at the top end of the chimney to measure temperature of the warm air entering into the swirling chamber of the rotor. A hot wire anemometer was used to measure wind velocity and a brake rope dynamometer was used to apply brake load on the Savonius rotor and to measure the rotor torque. The brake rope dynamometer consisted of a weighing pan, two pulleys and a spring balance. The weighing pan and the spring balance were connected by a fishing nylon string of 0.4 mm diameter running over the pulleys. The string was wounded one turn (360°) over the hollow shaft of the rotor on the top of the bearing housing.
Experimental measurements and data acquisition
The test bench was placed at 3.06 m downstream from the wind tunnel exit such that the centre of the rotor was in line with the centre of the tunnel exit to allow sufficient distance for the wind to become uniform at the rotor plane and to minimize the experimental error. Steady free stream flow is also necessary for the stability of the swirling flows inside the vortex chamber as well as to reduce the fluctuations of rotor angular velocity. To minimize error during the wind velocity measurements, the hot wire anemometer was fixed to the test bench using a stand and G-clamp, as shown in Fig. 4 . Wind velocities at 50 cm upstream and 50 cm downstream from the central axis of the rotor were measured at 9 points located systematically in the projected area of the rotor. The projected area of the rotor were divided into 3 Â 3 equal distant grid points where the wind velocities were measured. Then the average value of each projected area was averaged to obtain the wind velocity which was used to calculate the performance parameters. The measured velocity distribution at 50 cm upstream of the rotor along the central axis was uniform within ±5%, as presented in Fig. 4(b) . The rotors were allowed to rotate from no load condition, and the rotational speed (x) was recorded by a digital tachometer when the rotor reached a steady state (periodic) condition. The rotors were loaded gradually (adding 50 g of mass each time) by the rope brake dynamometer from the no load condition to the highest load that stopped the rotor. The spring balance readings (S) and the dead weights (W) of the dynamometer were recorded and used to calculate the brake torque (T) and brake power (P) of the rotor at each loading condition using the following formula:
where D sh is the diameter of the rotor shaft and d w is the nylon wire diameter. The dimensionless performance parameters used in the aerodynamics of wind turbines are coefficient of power and coefficient of torque, which are usually determined as a function of dimensionless tip speed ratio (c).
where q is the air density, U wind velocity, H rotor height, and D rotor diameter.
Uncertainty analysis of experiments
The relative uncertainties of the independent or measurable parameters in the experimental study were determined first and it was found that the uncertainties were very low except for rotor angular speed (2.7%) and wind velocity (7.1%). Then the relative uncertainties of the dependent parameters were estimated based on the functional form of the independent parameters from the general uncertainty formula presented by Bevington and Robinson [31] . The relative uncertainty of the torque and power coefficients were found to be 21.5% and 21.7%, respectively.
Results and discussions
A series of experimental tests were carried out over 30 swirling and conventional Savonius rotors with various geometrical parameters and wind velocities in an open jet wind tunnel. The design parameters studied in these experiments were the blade overlap ratio, blade arc angle, rotor aspect ratio, diameter of hot air inlet, and the condition of the top opening of the swirling chamber. The results were analysed based on the influence of these parameters on the performance of the swirling Savonius rotor to obtain an optimum geometry in terms of maximum coefficient of power. After obtaining the optimum geometry, the effects of the free-stream wind velocity on the power coefficient were tested at four different Reynolds numbers based on the rotor diameter. Finally, the performance of the optimum conventional Savonius rotor was determined under the same experimental conditions in order to compare the results with those of the optimum swirling Savonius rotor.
Condition of top end plate
The influence of a 100 mm diameter opening at the top end plate was investigated for four pairs of swirling Savonius rotors with and without the opening at different aspect ratios ranging from 0.52 to 1.06. The coefficients of power and torque were plotted versus the blade tip speed ratio in The results show that the performance improves when the top opening is closed and the maximum power coefficient found in this case was 21.15% at 0.62 tip speed ratio. The maximum coefficient of power occurred at 34.10% torque coefficient. On the other hand, the maximum power coefficient obtained for the top open case was 19.40% at 0.65 tip speed ratio and 29.95% coefficient of torque. The reason of lower performance is perhaps the loss of pressure through the top opening. The results are the same for all the four cases but not conclusive because the relative uncertainty (21.7%) in power coefficient is higher than the difference of the maximum power coefficients between the two cases (9%).
The bar chart presents the maximum coefficient of power with and without the top opening at four different rotor aspect ratios (Fig. 6) . The maximum power coefficients are larger with closed top end plates than their counterparts in all four cases of aspect ratio. However, the difference between the maximum values decreases at lower aspect ratio as shown in Fig. 6 . The swirling flow does not reach the top of the rotor with a high aspect ratio, and this might be the reason for larger difference between the two power coefficients.
Effects of design parameters
The blade overlap ratios (b), defined by the ratio of blade overlap distance and the inner diameter of the blade (refer to Fig. 1 ), studied in these experiments were 0.15, 0.20, 0.25, and 0.31. The rotor dimensions corresponding to the blade overlap ratio are presented in Table 1 .
The maximum power coefficients of the swirling Savonius turbines with respect to the blade overlap ratio for the four diameters of hot air inlet are plotted in Fig. 7 . The maximum power coefficient of the swirling Savonius rotor found in this study is 21.56% occurring at 0.20 blade overlap ratio, 16 mm hot air inlet diameter, and 195°blade arc angle. The results indicate that the optimum value of blade overlap ratio is 0.20 for the swirling Savonius turbine as the maximum power coefficient was obtained at this value for all the cases of swirling Savonius turbine contrary to 0.15 for the conventional Savonius turbine. In all the cases of hot air inlet diameter, the maximum power coefficient decreases with the increase of blade overlap ratio above the optimum value for the swirling Savonius turbine.
The variation of maximum power coefficient with the diameter of hot air inlet for the four blade overlap ratios is plotted in Fig. 8 . From the plot, it is evident that the maximum power coefficients at 0.20 blade overlap ratios are higher compared to the others for all diameters of the hot air inlet. The difference of maximum power coefficients between the blade overlap ratios of 0.20 and 0.31 at 16 mm hot air inlet is higher (32.3%) than the uncertainty of power coefficient (21.7%). The diameter of the rotor depends on blade overlap ratio for the same inside and outside diameters of the rotor blade by the D ¼ OD þ IDð1 À bÞ formula. So, with the increase of blade overlap ratio, the positive moment generating the concave blade's swept area reduces but the negative convex blade's swept area remains constant which results in lower overall moment on the shaft of rotor. For this reason, C P reduces with the increase of blade overlap ratio after reaching the optimal value which is 0.15 for the conventional Savonius turbine. As swirling flow is generated in the blade overlapping zone of the swirling Savonius turbine, this compensates the loss of net moment due to the higher overlap ratio as well as promoting the performance up to 0.20 blade overlap ratio.
The diameter of the circular hole at the bottom end plate which is the hot air inlet of the swirling chamber was initially 22 mm. The other diameters tested in the experiments were 16, 9, and 0 mm. The maximum power coefficients versus the ratio of hot air inlet diameter and blade overlap distance (d/e) for two blade arc angles of 195°and 200°, and two blade overlap ratios of 0.20 and 0.25 have been plotted in Fig. 9 . The results indicate that the maximum power coefficients are optimum for a certain value of hot air diameter to blade overlap ratio. In this experiment, power coefficient reached maximum for 16 mm diameter of hot air inlet for all the cases which is about 0.45 of hot air inlet diameter to blade overlap distance ratio (d/ e). The change of maximum power coefficients between the highest and lowest values at of 0.45 and 0 ratios of hot air inlet diameter to blade overlap, respectively is about 36% at 0.20 blade overlap ratio and 195°blade arc angle. The change in maximum C p values is significant compared to the estimated uncertainty in power coefficient of the experiment. Fig. 10 presents the maximum power coefficients of the swirling Savonius rotor for two blade overlap ratios of 0.20 (solid line) and 0.25 (broken line) with 16 mm diameter of hot air inlet for three different blade arc angles ranging from 190°to 200°as well as conventional 180°rotor. With the increase of blade arc angle, the power coefficient increases but after reaching a maximum value, it declines. Increasing the blade arc angle reduces the width of the air entrance passage, which results in a higher velocity of entrant air that generates a strong swirling flow. Perhaps it is the reason of high power coefficients. However, after the maximum point, the increase of blade arc angle increases the mass and the mass moment of inertia of the rotor and at the same time may create a blockage to the air flow between the blades; which may be the reason for the lower power coefficient. Therefore, the optimum blade arc angle is a trade-off between the increase of entrant air velocity in the swirling chamber and the blockage BORis blade overlap ratio HAI is hot air inlet diameter RAR is rotor aspect ratio Figure 10 Effects of blade arc angle on maximum power coefficient at 16 mm hot air inlet diameter with closed top end plate and 4.9 m/s wind velocity.
effect due to the reduction of passage width caused by the blade tip extension. The change of maximum power coefficient by reducing the blade arc angle from 195°to 180°is about 29% at 0.20 blade overlap ratio and 16 mm hot air inlet diameter.
To determine the influence of the rotor aspect ratio, which is defined as the ratio of the rotor height to the rotor diameter, four different rotors of 168, 242, 300, and 337 mm height and 319 mm diameter were used in this study. The above rotors were tested at 4.9 m/s wind velocity, keeping other geometrical parameters such as blade overlap ratio, blade arc angle, hot air inlet diameter, and closed top end plate constant. The plot of maximum coefficient of power versus rotor aspect ratio (Fig. 11) demonstrates that maximum power coefficient increases with the increase of rotor aspect ratio. Perhaps the reason for this is the lower specific mass (mass per unit frontal area) of high aspect ratio rotors than that of the high aspect ratio rotors with the same geometry, which results in a higher coefficient of power. The maximum C p is around 14% higher at a rotor aspect ratio of 1.06 than 0.52.
Influence of wind velocity
After determining the influences of geometrical parameters on the coefficients of power, the optimum swirling Savonius rotor featuring 0.20 blade overlap ratio, 195°blade arc angle, 16 mm diameter of hot air inlet, and 1.06 aspect ratio rotor was tested in four different free stream wind velocities, to obtain the influence of the wind velocity on the power coefficient. The wind velocities were obtained by changing the damper position of the wind tunnel. The wind velocities used in this experiment were 4.12, 4.90, 5.58, and 6.24 m/s (which correspond to the Reynolds Number of 77,359, 92,005, 104,773, and 117,165), respectively. The Reynolds number is defined based on freestream wind speed and rotor diameter. The maximum power coefficients against the wind velocities are plotted in Fig. 12 . The best fitting cubic polynomial curve shown in Fig. 12 demonstrates that higher wind velocities yield larger power coefficients, and found that the power coefficient is around 6% higher at the maximum wind velocity of 6.24 m/s than at the minimum of 4.12 m/s tested in this experiment. This suggests that higher angular velocity of rotor or wind velocity is favourable for the generation of swirling flow.
Comparison between conventional and swirling Savonius rotors
The best features of conventional and swirling Savonius turbines are compared in terms of steady state angular velocities, and power and torque coefficients.
The maximum steady state angular velocities versus brake torque of rotor are plotted in Fig. 13 . The plot demonstrates that at no load, maximum angular speed of swirling rotor is higher (339 rpm) than the conventional rotor (304 rpm). With the increase of brake torque on the rotor, the differences in speed values drops and the values are almost the same before stopping. This performance suggests that swirling flow may not be generated at lower angular velocities but that it grows stronger with the increase of angular velocity. Fig. 14 represents the coefficients of torque and power plotted against the tip speed ratios for optimum swirling and conventional Savonius turbines. The maximum torque coefficients for both turbines are nearly the same value of over 50%, but the differences extend at higher tip speed ratios. The highest tip speed ratio obtained at no load condition of swirling Savonius turbine is 1.1, which is 13% higher than that of conventional Savonius turbine. From those plots it can be deduced that, the swirling flow might not be generated at lower angular speeds of swirling Savonius turbine.
The plot of power coefficient versus rotor tip speed ratio for the optimum swirling and conventional Savonius rotors demonstrates that, at low tip speed ratios, the values are nearly the same, but the difference widens with the increase of steady state (periodic) speeds of the rotor. The maximum power coefficient (21.56%) was found at 0.68 tip speed ratio and 31.79% torque coefficients for swirling Savonius turbine whereas for Savonius turbine, the maximum power coefficient (17.37%) occurred at 0.67 tip speed ratio and 25.81% torque coefficient. The increase of power coefficients by 24.12% is a conclusive performance improvement of the swirling Savonius turbine compared to the conventional Savonius turbine as the measured relative uncertainty of 21.65% in this experiment for power coefficient is lower than improvement.
Conclusions
The optimum swirling Savonius wind turbine geometry has been obtained in terms of power coefficient by wind tunnel experiments, which is 0.20 blade overlap ratio, 16 mm hot air inlet diameter, 195°arc angle of the blades, and closed top of the swirling chamber. The optimum geometry of the swirling turbine, was then tested in different wind velocities to determine the effects of the Reynolds number on its performance. Performance investigation of conventional Savonius turbine was also conducted with the same experimental conditions to compare the performance of the two turbines. The following conclusions may be drawn from the present experimental study:
The opening in the top of the swirling chamber has deteriorating effects on the performance of the swirling Savonius turbine perhaps due to the pressure loss through the opening. The deteriorating effects are less in the low aspect ratio rotor compared to the high aspect ratio rotor. The blade overlap ratio has the most significant effect on the performance. Power coefficient is maximum at 0.20 blade overlap ratio contrary to the 0.15 blade overlap ratio of the conventional Savonius rotor. The coefficient of power reaches a maximum at a certain value of hot air inlet diameter to blade overlap ratio. Power coefficients increase with the increase of blade arc angle up to a certain optimal value of 195°which is 29% higher than the conventional blade arc angle of 180°.
A higher aspect ratio is preferred compared to a lower aspect ratio if other geometrical parameters remain the same. The coefficient of power, coefficient of torque and no load tip speed ratio of the swirling Savonius turbine marginally increase with the increase of wind velocity suggesting higher wind velocity is favourable for the generation of swirling flows. The comparison of performance between the optimum swirling and conventional Savonius turbines indicates that the power coefficient of the swirling turbine is conclusively improved because of the generation of swirling flow generated inside the turbine chamber. However, at lower angular velocities the performances of swirling and Savonius turbines are almost identical. 
